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The Hoxb1 autoregulatory element comprises three HOX-PBX binding sites. Despite the presence of HOXB1
and PBX1, this enhancer fails to activate reporter gene expression in retinoic acid-treated P19 cell monolayers.
Activation requires cell aggregation in addition to RA. This suggests that HOX-PBX complexes may repress
transcription under some conditions. Consistent with this, multimerized HOX-PBX binding sites repress
reporter gene expression in HEK293 cells. We provide a mechanistic basis for repressor function by demon-
strating that a corepressor complex, including histone deacetylases (HDACs) 1 and 3, mSIN3B, and N-CoR/
SMRT, interacts with PBX1A. We map a site of interaction with HDAC1 to the PBX1 N terminus and show that
the PBX partner is required for repression by the HOX-PBX complex. Treatment with the deacetylase inhibitor
trichostatin A not only relieves repression but also converts the HOX-PBX complex to a net activator of
transcription. We show that this activation function is mediated by the recruitment of the coactivator CREB-
binding protein by the HOX partner. Interestingly, HOX-PBX complexes are switched from transcriptional
repressors to activators in response to protein kinase A signaling or cell aggregation. Together, our results
suggest a model whereby the HOX-PBX complex can act as a repressor or activator of transcription via
association with corepressors and coactivators. The model implies that cell signaling is a direct determinant
of HOX-PBX function in the patterning of the animal embryo.

HOX proteins are sequence-specific DNA-binding tran-
scription factors that play a crucial role in the specification of
anteroposterior identity in the animal embryo (20, 54). Con-
servation within the DNA-binding homeodomains results in
different HOX proteins recognizing similar regulatory ele-
ments with only modest preferences (reviewed in reference
27). High-affinity DNA binding is achieved when HOX pro-
teins are heterodimerized with partners of the PBC family
(mammalian PBX, Drosophila Extradenticle [EXD], and Cae-
norhabditis elegans CEH-20) (55). Mammalian MEIS1 has
been shown to independently dimerize with HOX proteins and
with PBX (11, 57, 78). Recently, trimeric complexes encom-
passing all three homeoproteins, HOX-PBX-MEIS, have also
been characterized (77, 79). The MEIS-related protein
PREP1, also known as PKNOX1, can additionally form a
dimer with PBX, as well as a trimeric complex with HOX and
PBX partners (6, 7, 15, 34). While the majority of HOX mono-
mers recognize a DNA core motif of TAAT (23), HOX-PBX,
HOX-MEIS, and PBX-MEIS heterodimers recognize larger
motifs resulting in a higher affinity and specificity of DNA
binding by these homeoproteins (49).

A conserved motif with the consensus YPWM is found N
terminal to the homeodomain of HOX proteins from paralo-
gous groups 1 to 8. The YPWM motif contacts the PBX ho-
meodomain and is strictly required for cooperative DNA bind-
ing by PBX and HOX partners (49, 50). A conserved W in
HOX proteins from groups 9 and 10 performs a similar func-
tion (12).

The downstream targets of mammalian HOX proteins have
been poorly characterized. The best-characterized targets are
some Hox genes known to be positively autoregulated by their
own products or cross-regulated by the products of other Hox
genes (26, 68, 69). In these instances, HOX-PBX complexes
act as activators of transcription. For example, the Hoxb1 au-
toregulatory element (ARE) contains three binding sites for
HOX-PBX complexes. These sites are required to direct ex-
pression of a Hoxb1 transgene in rhombomere 4 (r4) of the
developing hindbrain (68).

Genetic and molecular studies have provided evidence sup-
porting a negative regulatory role for HOX proteins (43). In
the case of decapentaplegic (dpp) regulation in Drosophila, re-
pression by HOX proteins dominates over activation (9). This
implies active transcriptional repression by HOX proteins (9,
25, 46). In addition, in vitro mapping studies have character-
ized repression domains in different HOX proteins, as well as
in the PBX partner (13, 45, 75). Therefore, HOX proteins may
be activators or repressors in a context-dependent manner.

By analogy to nuclear receptors, HOX-PBX complexes are
likely to achieve transcriptional repression or activation
through differential association with coactivators and corepres-
sors (81). One class of coregulators are the histone acetyltrans-
ferases (HATs) and the histone deacetylases (HDACs), which
modify chromatin as well as nonhistone proteins. The HATs
include GCN5, PCAF, CREB-binding protein (CBP)/p300, the
steroid receptor coactivator class, and the MYST family (80).
On the other hand, the known HDACs include HDAC1
through -8, with class I HDACs consisting of HDAC1,
HDAC2, HDAC3, and HDAC8 (homologues of the yeast
RPD3 protein) and class II HDACs consisting of HDAC4,
HDAC5, HDAC6, and HDAC7 (homologues of the yeast
HDA1 protein) (for a review, see reference 37). HDAC1 and
HDAC2 form the catalytic subunits of two characterized mul-
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tiprotein complexes, the mSIN3A and Mi2 complexes (35).
Additionally, HDAC3 has been shown to interact with the
corepressor SMRT (28). Recent genetic evidence in C. elegans
shows EGL-27, a homologue of MTA1 (a component of the
Mi2-HDAC1 complex), in the same pathway as MAb-5 (86,
94), further implying that HOX proteins may interact with
HDACs and other histone-modifying enzymes to accomplish
their developmental program.

In this report, we present evidence for an interaction be-
tween HOX-PBX complexes and histone-modifying enzymes
and show that the activity of the HOX-PBX heterodimer is
determined by a regulated balance between a corepressor com-
plex consisting of class I HDACs, mSIN3B, and N-CoR/SMRT
and a coactivator complex containing CBP. We show, more-
over, that activation of the protein kinase A (PKA) signaling
pathway significantly potentiates the CBP-mediated transacti-
vation by HOX-PBX complexes. We propose a model in which
PKA acts as a signaling switch that converts HOX-PBX com-
plexes from transcriptional repressors to activators.

MATERIALS AND METHODS

Cell culture and transfections. P19 mouse embryonal carcinoma (EC) cells
and human embryonic kidney HEK293 cells were cultured in alpha minimal
essential medium supplemented with 10% fetal calf serum. Some experiments
employed 293 T cells constitutively expressing the simian virus 40 large T anti-
gen. Transient transfections were performed using the calcium phosphate pre-
cipitation method as described earlier (72). A lacZ reporter driven by the cyto-
megalovirus (CMV) enhancer was used to control for transfection efficiency in
some experiments. Because the activity of the CMV enhancer appeared to
change in response to PKA, a lacZ reporter driven by the Rous sarcoma virus
long terminal repeat was used in transfections involving PKA. For stable trans-
fections of P19, the cells were seeded at a density of 105 cells/10-cm plate and
transfected with a total of 15 mg of DNA consisting of 9 mg of the transgene of
interest (p1230 or b1-ARE-lacZ), 1 mg of PGK-puromycin, and 5 mg of pCAB-
B17 as the carrier DNA (53). At 40 h posttransfection, cells were selected with
2 mg of puromycin per ml for at least 10 days. Cells were kept in monolayer or
aggregated in bacterial petri dishes for 24 h in the presence or absence of
treatment and then reattached in tissue culture plates overnight (73). The treat-
ment consisted of either retinoic acid (RA) (3 3 1027 M) or trichostatin A (TSA;
concentrations ranging from 20 nM to 2 mM) or a combination of both RA and
TSA. Significant cell death sometimes occurred in response to TSA; however,
this was variable and dependent on drug concentration and cell context. HEK293
cells were more sensitive than P19 to TSA-induced cell death. Cells were treated
with the estrogen antagonist a-hydroxytamoxifen (TOT) overnight at 1027 M.

Antibodies. Rabbit polyclonal antibodies raised against PBX1, mSIN3A, or
mSIN3B were purchased from Santa Cruz. Rabbit polyclonal antibodies against
human HDAC1 and HDAC3 were from Upstate Biotechnology. Rabbit poly-
clonal antibodies against HOXB1 were generously supplied by C. Largman.
Mouse monoclonal antibodies against the GAL4 DNA-binding domain (DBD)
(RK5C1), the hemagglutinin epitope (HA-11), and the flag epitope (M2) were
purchased from Santa Cruz, Babco, and Sigma, respectively. Mouse monoclonal
antibodies were recognized with horseradish peroxidase (HRP)-conjugated goat
anti-mouse (k light chain) secondary antibodies from PharMingen, and rabbit
polyclonal antibodies were recognized by HRP-conjugated protein A-Sepharose
(Amersham).

Plasmids. p1230 (generous gift of R. Krumlauf) is a lacZ reporter under the
control of the minimal promoter of the b globin gene. b1-ARE-lacZ consists of
the ARE of the Hoxb1 gene (68) cloned by PCR amplification into the
HindIII-XhoI sites of p1230. pML, pML(5xHOX-PBX), pML5xHOX, and
pML5xUAS are luciferase reporters containing the adenovirus major late pro-
moter alone, driven by 5xHOX-PBX binding sites (TGATTGAT), 5xHOX bind-
ing sites (TAAT), or 5xGAL4 binding sites, respectively (67, 72, 77). Expression
plasmids for HOXA1, HOXD4, PBX1A, and PBX1A deletion mutants have
been previously described (66, 77). The HOXB1 expression vector is driven by
the beta-actin promoter. 89-172-HA was constructed by PCR amplification of the
region encoding residues 89 to 172, followed by cloning of the product in frame
with three copies of the HA epitope in the plasmid pRC/CMV (Invitrogen).
Flag-HDAC1, flag-HDAC3 and E1A are described elsewhere (87, 88, 91) and
were generously provided by A. Lai (McGill University). Flag-HDAC4 and
flag-PCAF are described elsewhere (84, 89). Flag-N-CoR, flag-SMRT, HA-CBP,
and the CBP domains were generously provided by V. Giguère and A. Tremblay
(McGill University, Université de Montréal). GAL4-HOXD4N fuses the first
141 residues of HOXD4 to the GAL4 DBD and was described previously (72).
HOXD4 residues 139 to 250 were fused to the GAL4 DBD to generate GAL4-
HOXD4C. An expression vector for the human estrogen receptor alpha driven

by the CMV enhancer was generously provided by Vincent Giguère (McGill
University).

b-Galactosidase and luciferase assays. Luciferase assays and liquid b-galac-
tosidase assays were performed as described previously (67). b-Galactosidase
plate assays were performed after fixation of the cells with a solution of 2%
formaldehyde–0.2% glutaraldehyde in phosphate-buffered saline (PBS) for 5
min at 4°C. The cells were washed with PBS for three times and then stained at
37°C with a solution composed of 5 mM ferrocyanide, 5 mM ferricyanide, 1 mg
of X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside)/ml, and 2 mM
MgCl2 in PBS.

Immunoprecipitation assays. At 40 h posttransfection, the cells were har-
vested and lysed on ice for 30 min with 500 ml of a low-stringency buffer
containing 150 mM KCl. Whole-cell extracts were precleared with protein A- or
protein G-Sepharose (depending on the source of the primary antibody used) for
30 min. Precleared lysates were incubated with 0.5 to 2 mg of primary antibody
for 2 h, followed by the addition of 20 ml of a 50% slurry of protein A- or protein
G-Sepharose for 2 to 18 h. Precipitates were washed six times with the lysis buffer
and eluted by boiling in 23 sample buffer for 15 min. Eluted proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and ana-
lyzed after Western blotting to polyvinylidene difluoride membranes (Millipore).
Secondary antibodies used in Western analysis were HRP conjugated and were
detected by enhanced chemiluminescence (NEN Life Sciences). To immunopre-
cipitate flag-epitope-tagged proteins, a similar protocol was used except that M2
beads (Sigma) were used instead of protein G-Sepharose, and flag peptides
(Sigma) were used to elute the precipitated proteins prior to boiling.

RESULTS

TSA relieves the transcriptional repression of HOX-PBX-
responsive enhancers. The induction of Hoxb1 upon RA treat-
ment of mouse embryos is mediated directly by a 39 RA re-
sponse element (RARE) (51) and indirectly by an ARE (68).
The Hoxb1 ARE consists of three cooperative binding sites for
HOX-PBX heterodimers (Fig. 1A, top panel). Two paralog
group 1 HOX proteins, HOXB1 (18) and HOXA1 (M. Phelan
and M. S. Featherstone, unpublished observations), can acti-
vate transcription through the Hoxb1 ARE. Both gain- and
loss-of-function experiments show that HOXA1 and HOXB1
regulate Hoxb1 expression in the embryonic hindbrain (5, 68,
82, 93). These effects are very likely to be mediated by the
Hoxb1 ARE, as has been demonstrated in one case (68). In
addition to HOXB1 and PBX, coexpression of PREP1 stimu-
lates reporter gene expression through the Hoxb1 ARE in
transfected cells (6). Together, these results suggest that the
presence of first group HOX proteins, PBX, and members of
the MEIS/PREP family would be sufficient to activate tran-
scription through the Hoxb1 ARE.

P19 EC cells differentiate along the neural pathway when
aggregated in the presence of RA (73). While RA-treated P19
cell monolayers fail to form neurons and glia, the products of
the Hoxb1, Hoxa1, Pbx, Meis, and Prep genes are induced (21,
36, 40, 62). We therefore expected that a stable integrated
transgene carrying the Hoxb1 ARE driving lacZ (b1-ARE-
lacZ) would be active in RA-treated P19 cell monolayers. Sur-
prisingly, b1-ARE-lacZ was poorly active in P19 EC cells when
cultured in monolayers in the presence of RA (Fig. 1Ab). The
transgene was efficiently activated only when RA-treated cells
were also aggregated (Fig. 1Ad), suggesting that cell aggrega-
tion provides a signal required for HOXB1-PBX complexes to
activate transcription.

An alternative explanation for these results is that the site of
integration imposed constraints on the activity of the Hoxb1
ARE. However, these experiments were done on populations
of multiple clones representing many different sites of integra-
tion. Another possibility is that HOXB1, PBX, and MEIS/
PREP proteins unexpectedly failed to accumulate upon RA
treatment. This was not the case, as revealed by Western blot
analysis (Fig. 1C). HOXB1 and PBX1 were both detected in
P19 cell monolayers treated with RA at either of two concen-
trations. HOXB1 showed the most dramatic induction, while
PBX1 was already present in untreated cells and was modestly
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induced upon RA treatment. MEIS1 was also present before
and after RA treatment (data not shown).

We hypothesized that in the absence of cell aggregation,
HOXB1-PBX complexes could recruit HDACs to the Hoxb1

ARE, thereby establishing a transcriptionally inactive con-
densed chromatin. To test this hypothesis, we treated the cells
in monolayer with TSA, an HDAC inhibitor, and measured the
reporter activity (Fig. 1B). As little as 20 nM TSA induced lacZ
expression directed by the Hoxb1 ARE, thereby circumventing
the need for cell aggregation. In fact, TSA efficiently induced
reporter gene expression in the absence of both RA and ag-
gregation.

To investigate the effect of TSA on endogenous gene ex-
pression, we performed Western blot analysis on TSA-treated
cultures. Figure 1C shows that TSA efficiently induced the
expression of the endogenous Hoxb1 gene, while PBX1 (Fig.
1C) and MEIS1 (data not shown) showed a moderate increase
over preexisting levels. Thus, TSA-treated cultures express all
three homeoprotein families implicated in activation through
the Hoxb1 ARE. In contrast, TSA had no effect on a stably
integrated control transgene (p1230) that lacks the Hoxb1
ARE, establishing the specificity of this effect (Fig. 1B, inset).
Together, these results suggest that HOXB1-PBX complexes
recruit HDACs in vivo to repress transcription directed by the
Hoxb1 ARE. TSA treatment inhibits HDAC activity, thereby
inducing both the endogenous Hoxb1 gene and the b1-ARE-
lacZ reporter.

The Hoxb1 ARE used above is 150 bp long and may contain
binding sites for TSA-responsive transcription factors other
than PBX or HOX proteins. To specifically test the response of
HOX-PBX complexes to TSA, we transfected HEK293 cells
with an artificial luciferase reporter, pML(5xHOX-PBX),

FIG. 1. TSA relieves the transcriptional repression of HOX-PBX-responsive
enhancers. (A) The upper panel schematically represents the b1-ARE-lacZ reporter
used to stably transfect P19 cells. The black boxes r1, r2, and r3 represent three
previously characterized HOX-PBX binding sites (71). The gray box b1 denotes
block 1, a region of homology conserved across species. Ovals labeled “P” and “H”
denote the PBX-HOX complex. In the lower panel, a stably transfected transgene
containing the Hoxb1 ARE (b1-ARE-lacZ) was active in RA (3 3 1027 M)-treated
P19 cells only if the cells were aggregated during RA exposure for 24 h (panel d) but
not if the cells were kept cultured in monolayers (panel b). P19 cell monolayers are
shown in panels a and b, while cell aggregates are shown in panels c and d. The cells
in panels b and d were treated with RA at 3 3 1027 M for 24 h. (B) TSA induces
the activity of the b1-ARE-lacZ in monolayers in the presence or absence of RA.
Liquid b-galactosidase assays were carried out on P19 cells stably transfected with
the b1-ARE-lacZ and cultured in monolayer. Monolayers were treated with either
RA (3 3 1027 M), TSA (20 nM to 2 mM), or a combination of both for 24 h. In the
inset, similar assays were performed using a control transgene lacking the Hoxb1
ARE (p1230). (C) HOXB1 and PBX1 are induced in P19 cell monolayers in
response to RA or TSA. Western analysis was performed using whole-cell extracts
from P19 cells cultured in monolayers in the absence or presence of treatment. RA
was used at 3 3 1027 M or 1025 M, and TSA was at 3 mM.

FIG. 2. PBX is required for the HOX-PBX response to TSA. pML(5xHOX-
PBX), a reporter driven by five HOX-PBX binding sites, is repressed in tran-
siently transfected HEK293 cells compared to pML, which lacks HOX-PBX
binding sites. pML(5xHOX-PBX) is significantly activated by TSA (2 mM, 24 h)
both in the absence or presence of overexpressed HOX and PBX1A proteins.
Removal of residues 1 to 89 of PBX1A (D1–89) greatly increases reporter
activation by TSA. pML(5xHOX), containing five sites for monomeric HOX
binding, is not repressed in 293 cells and is not further activated by TSA treat-
ment. Overexpression of HOXA1 or HOXD4, but not of A1 WM-AA or D4
WM-AA, transactivates transcription in the presence of TSA. All transfections
were repeated at least three times in duplicate except for the A1 WM-AA and
D4 WM-AA experiments, which were done once in duplicate.

VOL. 20, 2000 HOX-PBX COMPLEXES AS ACTIVATORS AND REPRESSORS 8625



driven solely by five HOX-PBX binding sites in front of a
minimal promoter. pML(5xHOX-PBX) was repressed fivefold
relative to the parental vector pML lacking HOX-PBX binding
sites (Fig. 2), again implicating HOX-PBX complexes in tran-
scriptional repression. While pML was induced ,2-fold by
TSA, pML(5xHOX-PBX) was activated 12-fold (Fig. 2), fur-
ther supporting a role for HDACs in repression mediated by
HOX-PBX complexes.

Overexpression of HOXB1, HOXA1, or HOXD4 enhanced
the activation of pML(5xHOX-PBX) by TSA (Fig. 2), confirm-
ing the involvement of HOX proteins in this effect. In contrast,
the TSA response was dampened by the overexpression of
PBX1A (Fig. 2). Interestingly, deletion of the first 89 residues
of PBX1A rendered the derivative protein highly TSA sensi-
tive, resulting in an almost 100-fold activation of pML(5xHOX-
PBX). We suggest explanations for this effect in Discussion.

PBX is required for repression by HOX-PBX and for the
response to TSA. The above results implicate HOX proteins in
transcriptional activation through HOX-PBX binding sites,
whereas PBX had a repressive effect. To assess the importance
of PBX for repression and the TSA response, we examined an
independent reporter, pML(5xHOX), driven by monomeric
HOX binding sites. In contrast to pML(5xHOX-PBX),
pML(5xHOX) was not repressed in 293 cells and was not
activated by TSA (Fig. 2). This result argues that PBX is
required for the repression observed on pML(5xHOX-PBX)
and for activation by TSA on this reporter. Reciprocally, HOX
proteins cannot activate transcription efficiently in the absence
of a PBX partner.

In a complementary test, we used derivatives of HOXA1 and
HOXD4 harboring mutations in the conserved YPWM motif
(A1 WM-AA and D4 WM-AA, respectively). This mutation
has been previously shown not to affect the stability of HOXD4

(72) and to abolish interaction between HOX and PBX pro-
teins (66, 67, 76, 77). As shown in Fig. 2, while overexpression
of HOXA1 or HOXD4 greatly enhanced the TSA effect on
pML(5xHOX-PBX), this was abolished with A1 WM-AA and
D4 WM-AA. These findings demonstrate that interaction of
HOX with PBX is required for the TSA response of
pML(5xHOX-PBX). To explain these results, we propose a
model whereby physical interaction between HOX and PBX is
required for association with coactivators and corepressors,
respectively (see Discussion).

PBX1 interacts with class I HDACs. As shown above, PBX
is required for TSA-sensitive repression mediated by HOX-
PBX binding sites. The simplest explanation for this finding is
that PBX directly interacts with one or more HDACs. To test
this, we performed immunoprecipitation experiments using
whole-cell extracts from transfected 293 T cells. Flag-epitope-
tagged HDAC1 and HDAC3, but not HDAC4, resulted in
coprecipitation of PBX1 (Fig. 3A). This interaction is specific
and shows a preference for the class I HDACs by HOX-PBX
complexes. More stringently, rabbit polyclonal antibodies that
specifically recognize PBX1 coprecipitated the endogenous
HDAC1 and mSIN3B (Fig. 3B, lanes 1 and 3). Interestingly, no
interaction was observed with mSIN3A (Fig. 3B, lane 2) or
with Mi2a or -b (data not shown). However, as shown in Fig.
3D (lane 2), N-CoR, known to repress transcription in an
mSIN3A complex (58), coprecipitated with PBX1 in vivo.
Thus, N-CoR/SMRT may associate with mSIN3B in the ab-
sence of mSIN3A.

To functionally characterize these interactions, we examined
the effects of N-CoR and SMRT on pML(5xHOX-PBX). As
shown in Fig. 3C, overexpression of either N-CoR or SMRT
potentiated the repression observed with pML(5xHOX-PBX)
in 293 T cells. Overexpression of an antagonist-bound estrogen

FIG. 3. The HOX-PBX complex associates with class I HDACs in vivo and represses transcription in a mSIN3B/N-CoR/SMRT-dependent manner. (A) PBX1
coprecipitates with class I HDACs (HDAC1 and HDAC3, lane 2 and 4) but not with HDAC4 (lane 3) or from cells transfected with the empty flag vector (F-control)
(lane 1). Immunoprecipitations were done with lysates from 293 T cells cotransfected with plasmids expressing PBX1A and flag-tagged HDAC1 (F-HDAC1),
F-HDAC3, F-HDAC4, or F-control. Flag-tagged proteins were immunoprecipitated with M2 beads (Sigma), and the precipitates were eluted with flag peptides (Sigma)
and analyzed by Western blotting using rabbit polyclonal antibodies against PBX1 (Santa Cruz). “IP” and “WCE” denote immunoprecipitates and whole-cell extracts
used in Western blot analysis. “W” denotes the antibody used in Western analysis. (B) Coprecipitation of endogenous HDAC1 and mSIN3B (but not mSIN3A) with
rabbit polyclonal antibodies against PBX1. 293 T cells were transfected with a plasmid expressing PBX1A but not with plasmids expressing HDAC1, mSIN3B, or
mSIN3A. Immunoprecipitates with anti-PBX1 antibodies (IP: a-PBX1) were analyzed in Western blots with antibodies against HDAC1 (W:a-HDAC1), mSIN3a
(W:a-mSIN3a), and mSIN3b (W:a-mSIN3b). (C) The repression of pML(5xHOX-PBX) in 293 T cells is exerted by N-CoR/SMRT-corepressor complexes. Overex-
pression of either N-CoR or SMRT further repressed pML(5xHOX-PBX). This repression can be partially relieved by sequestering the endogenous N-CoR/SMRT with
overexpressed estrogen receptor (ER) bound to the estrogen antagonist TOT (see Materials and Methods). (D) Immunoprecipitation of PBX1 from cells expressing
flag-tagged N-CoR (F-N-CoR, lane 2) but not from cells transfected with the empty flag vector (F-control, lane 1).
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receptor, in an attempt to titrate the endogenous levels of
N-CoR/SMRT (41), resulted in a partial relief of repression of
pML(5xHOX-PBX). These data suggest that N-CoR/SMRT
complexes are recruited by HOX-PBX within the cell to exert
significant repression effects on downstream targets.

Region from residues 89 to 172 in the PBX1 N terminus
interacts with HDAC1. In PBX1, three N-terminal repression
domains (corresponding to regions B, C, and D in Fig. 4A)
have been previously mapped (45). To directly characterize
whether one of these repression domains recruits the HDAC
complex, we generated multiple in-frame deletions in PBX1A
(Fig. 4A) and examined the in vivo association with HDAC1.
Immunoprecipitation studies were carried out with extracts
from 293 T cells cotransfected with plasmids expressing flag-
tagged HDAC1 along with PBX1A deletion derivatives. Fol-
lowing immunoprecipitation with anti-flag antibodies, the pre-
cipitates were analyzed by Western analysis using polyclonal
antibodies against PBX1 or anti-HA antibodies in the cases of
D89-HA and 89–172-HA. Fig. 4B shows that the PBX1 N
terminus (DC232) is sufficient for HDAC1 binding.

D89 is highly responsive to TSA (Fig. 2), suggesting that the
HDAC interaction region in PBX1A is C terminal to residue
89. As shown in Fig. 4C, D89-HA associated with HDAC1 and
HDAC3 in whole-cell extracts, mapping the region of interac-
tion with HDAC1 to PBX1A region C or D. Two deletions in
region D were therefore tested and found to be dispensable for
HDAC1 binding (D137–160 and D160–232, Fig. 4A and B).
These data imply that region C is important for the recruit-
ment of the HDAC complex by PBX1.

A deletion mutant of region C was not stable in mammalian
cells. To address whether region C is sufficient for interaction
with HDAC1, we used anti-HA antibodies to immunoprecipi-
tate a fusion protein containing the HA epitope fused in frame
to residues 89 to 172 spanning region C of PBX1A. As seen in
Fig. 4D, HDAC1 coprecipitated with HA–89-172 (lane 2) but
not with an HA control (lane 1). The above data indicate that,
while the region B repression mechanism is TSA insensitive,
region C recruits HDACs to repress transcription.

The HOXD4 activation domain binds the HAT-C/H3 do-
main of CBP. Treatment with TSA led to large increases in
transcription from natural and artificial enhancers bearing
HOX-PBX binding sites (Fig. 1 and 2). Activation of
pML(5xHOX-PBX) exceeded a simple loss of repression rel-
ative to pML (Fig. 2A). These results show that TSA reveals a
transcriptional activation function of the HOX-PBX het-
erodimer. Transcriptional activation is achieved through re-
cruitment of coactivators by enhancer-bound proteins. One
such coactivator is CBP. To assess its involvement in transcrip-
tional activation by HOX-PBX complexes, we overexpressed
CBP in 293 T cells. CBP stimulated expression from
pML(5xHOX-PBX) 10- to 12-fold, similar to the activation
obtained by TSA treatment (Fig. 5A, lane 2). This result sug-
gested that PBX, HOX, or both recruited CBP to target pro-
moters.

We have previously characterized an activation domain in
the proline-rich N-terminal half of HOXD4 (73). We therefore
tested whether the HOXD4 activation domain (HOXD4N,
residues 3 to 141) could recruit CBP to a target promoter.
Figure 5B (lanes 1, 2, and 3, black bars) shows that overex-
pression of CBP potentiates transactivation by a GAL4-
HOXD4N fusion protein on the GAL4-responsive reporter
pML(5xUAS). In contrast, depletion of endogenous CBP by
overexpression of the oncoprotein E1A neutralizes the coac-
tivation effect seen with overexpressed CBP. E1A also inhibits
the initial activation observed with HOXD4N (Fig. 5B, com-
pare white bars in lanes 2 and 3 to black bars in lanes 1, 2, and

FIG. 4. Region C of PBX1A is responsible for the interaction with HDAC1.
(A) Schematic representations of wild-type PBX1A and PBX1A deletion mu-
tants. The subdivision of the PBX1A N terminus into four domains labeled A, B,
C, and D is as previously described (45). The striped rectangle indicates the
position of the HA tag in D1–89 and in HA-89–172. (B) The PBX1A N terminus
interacts with HDAC1. Binding studies similar to those described in the legend
to Fig. 3A were carried out for PBX1A and PBX1A mutants with flag-tagged
HDAC1 immunoprecipitated on M2 beads and eluted with flag peptide. Anti-
PBX1 antibodies were used for the Western analysis. (C) Regions A and B of
PBX1A are dispensable for interaction with HDAC1 and -3. The experiment was
done as described in the legend to panel B except that the D1–89 mutant was
tagged with the HA epitope and was recognized in Western analysis by anti-HA
antibodies (Babco). The black arrowhead indicates HDAC1, the white arrow-
head indicates HDAC3, and the asterisk indicates an HDAC1 degradation prod-
uct. (D) HDAC1 coprecipitates with the region from residues 89 to 172 of
PBX1A. Cells were transfected with a vector expressing flag-tagged HDAC1 and
either an empty HA vector (HA-control) or one expressing the HA-tagged
region from residues 89 to 172 of PBX1. Immunoprecipitation (IP) experiments
were carried out with anti-HA antibodies, and anti-flag antibodies were used in
the Western analysis.
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3). A deletion mutant of E1A that cannot bind CBP is unable
to affect transcription significantly (dotted bars in Fig. 5B).
These results show that the transactivation function of
HOXD4N is mediated by endogenous CBP. We also note that
E1A interacts with the coactivator p300 through this same
domain. None of our data excludes an interaction between
HOX proteins and p300, in addition to CBP. Likewise, PCAF
is expected to bind CBP in association with HOX (89).

In vivo mapping studies were carried out to determine the
respective domains of interactions between HOXD4 and CBP.
A fusion of GAL4 to the HOXD4 N terminus (GAL4-
HOXD4N) but not to the C terminus (GAL4-HOXD4C) co-
precipitated with CBP, consistent with the N-terminal transac-
tivation function of HOXD4 (Fig. 6A, lanes 1 and 2). To map
the domains in CBP required for HOX binding, immuno-
precipitation experiments were carried out with extracts from
293 T cells cotransfected with plasmids expressing GAL4-
HOXD4N and one of four HA-tagged CBP domains: CBP-N,

CBP-KIX, CBP-HAT-C/H3, or CBP-C (Fig. 6B). Analysis of
the precipitates was carried out by Western blot analysis with
anti-HA antibodies. The four CBP domains used in this exper-
iment were expressed at equivalent amounts in 293 T cells
(data not shown). Figure 6B shows that the HAT-C/H3 do-
mains of CBP constitute the region of interaction with
HOXD4N.

PKA signaling stimulates HOX-PBX promoters. The above
results show that PBX and HOX proteins directly contact
transcriptional corepressors and coactivators, respectively.
What determines whether the HOX-PBX complex will have a
net activating or repressive effect on gene expression? Our
studies in P19 EC cells show that aggregation provides a signal
that converts HOX-PBX complexes from repressors to activa-

FIG. 5. CBP enhances the transactivation potential of HOX-PBX complexes
and is required to transduce PKA signaling. (A) pML(5xHOX-PBX) is activated
by overexpression of CBP in 293 T cells and is superactivated by the catalytic
domain of PKA. Activation by PKA is inhibited by overexpression of E1A. (B)
A fusion of the N terminus of HOXD4 to the GAL4 DNA-binding domain
(GAL4-HOXD4N) is able to transactivate transcription from a heterologous
promoter driven by 5xGAL4 binding sites [pML(5xUAS)] (lanes 1 and 2, black
bars). CBP potentiates the transactivation function of HOXD4N on this reporter
(lane 3, black bar) in a manner sensitive to E1A (white bar) but not to E1A DN
(dotted bar), a mutant deficient in CBP binding. PKA stimulates HOXD4N
transactivation in a CBP-dependent manner (lanes 4 and 5).

FIG. 6. (A) Interactions between the HOXD4 N terminus and CBP. GAL4-
HOXD4N or GAL4-HOXD4C were immunoprecipitated with antibodies
against the GAL4 DBD. Interaction with HA-tagged CBP (HA-CBP) in the
presence or in the absence of overexpressed PKA was assessed by Western
analysis using anti-HA antibodies. (B) The HOXD4 N terminus coprecipitates
with the CBP HAT-C/H3 domains. Immunoprecipitation studies were per-
formed on whole-cell extracts from 293 T cells cotransfected with GAL4-
HOXD4N along with four HA-tagged domains of CBP: HA-CBP-N (amino
acids 1 to 460), HA-CBP-KIX (amino acids 460 to 662), HA-CBP-HAT-C/H3
(amino acids 1450 to 1903), or HA-CBP-C (amino acids 2040 to 2170). Immu-
noprecipitation (IP) was performed with antibodies against the GAL4 DBD, and
the CBP domains were detected by Western analysis using anti-HA antibodies.
The schematic representation of the CBP protein is as described by Chariot et al.
(14).
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tors. This conversion is dependent on cell aggregation. Among
other possibilities, aggregation may increase the concentration
of secreted growth factors or allow presentation of surface-
bound ligands to receptors on adjacent cells. Signaling via
cyclic AMP (cAMP) second messenger is mediated by PKA.
PKA has been implicated in the activation function of a num-
ber of transcription factors, including the homeoprotein PIT1.
Given the known role of CBP in mediating the effects of PKA
on transcriptional activation (2, 24), we tested the ability of
PKA to convert HOX-PBX complexes from transcriptional
repressors to activators.

Overexpression of the catalytic domain of PKA significantly
stimulated pML(5xHOX-PBX) in 293 T cells (Fig. 5A). This
effect was mediated through HOX-PBX binding sites since
PKA had a minimal effect (2.6-fold) on pML lacking the HOX-
PBX binding sites. This result suggests a link between the
activation of the intracellular cAMP signal transduction path-
way and the activity of HOX-PBX complexes.

We examined the impact of PKA signaling on transactiva-
tion of the GAL4-responsive reporter pML(5xUAS) by the
GAL4-HOXD4N fusion protein. Figure 5B (lane 4) shows that
PKA stimulated this reporter 500-fold in a HOXD4N-depen-
dent manner. The PKA stimulation requires CBP since deple-
tion of endogenous CBP by overexpression of E1A inhibited
this effect (lanes 4 and 5, white bars). Overexpression of PKA
along with GAL4-HOXD4N and CBP-HA resulted in in-
creased amounts of CBP coprecipitates with equivalent
amounts of HOXD4N (Fig. 6A, lane 3). These data suggest
that the recruitment of CBP by the activation domain of
HOXD4 is facilitated in the presence of PKA. This further
suggests a mechanism by which DNA-bound HOX-PBX com-
plexes could be switched from repressors to activators through
enhanced association with CBP.

DISCUSSION

Two observations suggested to us that HOX-PBX complexes
may recruit transcriptional corepressors to target promoters.
First, the Hoxb1 ARE is inactive in RA-treated P19 cell mono-
layers despite the presence of HOXB1 and PBX1 but is acti-
vated in response to the HDAC inhibitor TSA (Fig. 1). Second,
repression by multimerized HOX-PBX binding sites is likewise
alleviated by TSA treatment (Fig. 2). Transcriptional activa-
tion through the Hoxb1 ARE or multimerized HOX-PBX
binding sites further suggested that HOX-PBX complexes re-
cruit transcriptional coactivators. In support of this suggestion,
a repression domain in the PBX1 N terminus binds a corepres-
sor complex containing class I HDACs in association with
N-CoR/SMRT and mSIN3B (Fig. 3 and 4). Conversely, the
proline-rich activation domain of HOXD4 binds the CBP co-
activator. We provided additional evidence that the HOX-
PBX complex can be switched from a repressor to an activator
of transcription through the action of signaling cascades (Fig.
5, 6, and 7). Specifically, the HOX-PBX complex becomes a
CBP-dependent transcriptional activator in response to PKA.
Thus, the transcriptional activity of the HOX complex in a
specific tissue at a given developmental stage may come under
the control of signaling cues such as intracellular cAMP.

Repression of HOX-PBX targets is mediated by PBX-core-
pressor interactions. PBX1 has been previously shown to pos-
sess three repression domains in its N terminus (45). Our
results indicate that PBX1 represses transcription through
both TSA-sensitive and -insensitive mechanisms. We found
that the first N-terminal repression domain of PBX1 (domain
B) represses transcription in a TSA-resistant fashion. By con-
trast, the second N-terminal repression domain (within region

C) associates with class I HDACs. Recently, others have shown
that PBX1A binds N-CoR and SMRT through its C terminus
(4). The set of PBX1A derivatives employed here does not
refute this finding. Rather, the cumulative data suggest that
PBX1A contains more than one docking site for corepressor
complexes.

The corepressors N-CoR and SMRT are known to repress
transcription in an mSIN3A complex (58). In addition, SMRT
has been shown to function in an HDAC3 complex (28). The
presence of mSIN3B and not mSIN3A in the corepressor com-
plex recruited by PBX1 is a novel indication of an interaction
between N-CoR/SMRT and mSIN3B.

Overexpression of wild-type PBX1A inhibits TSA-mediated
activation of a reporter bearing multiple HOX-PBX binding
sites (Fig. 2, lane 5). By contrast, removal of the first 89 resi-
dues of PBX1A, or overexpression of HOX proteins, confers a
strong TSA response. Two nonexclusive explanations are pos-
sible. First, residues 1 to 89 of PBX1A may harbor a TSA-
insensitive repression domain. This could be mediated by di-
rect contact to a repressor, or indirectly though members of the
MEIS/PREP family which bind PBX proteins through this
N-terminal domain (11). This could explain the enhanced TSA
response with D1–89 but would not explain the dampened
response with wild-type PBX1A. Another explanation is that
increased levels of PBX1A promote the formation of PBX-
PBX homodimers at the target promoter. Such homodimers
have been described in the literature (8, 59) and would be
expected to form on the multimerized binding sites in
pML(5xHOX-PBX). In theory, the PBX homodimer would
compete with HOX-PBX heterodimers for DNA binding, re-
cruiting only corepressors to the target promoter and thereby
dampening the response to TSA. Deletion of the first 89 res-
idues from PBX1A severely impairs homodimerization (K.
Shanmugam and M. S. Featherstone, unpublished observa-
tions) without affecting heterodimerization with at least some
HOX partners (77). Thus, D1–89 would promote binding by
HOX-PBX heterodimers at the expense of PBX homodimers,
resulting in more efficient recruitment of coactivators.

Residues 1 to 89 of PBX1 are deleted in the oncoprotein
E2A-PBX (32). Thus, the increased transcriptional activation
function and the concomitant oncogenicity of E2A-PBX may
be due to both the loss of a repression domain, as well as to the
recruitment of HATs by the E2A activation domain (16, 33,
52). The HDAC1 binding domain in PBX1 (domain C) is
retained in E2A-PBX. Consistent with this, TSA potentiates
the activation observed with E2A-PBX (unpublished observa-
tions). Thus, treatment with TSA may potentiate B-cell trans-
formation.

Domain C of PBX1 spans a short stretch of nine alanine
residues and impinges on the conserved PBC-A and -B do-
mains. The PBC domains are highly conserved across species.
In contrast, the alanine stretch is conserved in mammals and
flies but is absent in the C. elegans CEH-20 protein. Monotonic
alanine regions have been implicated in repressor function (29,
44, 47); however, at this time the highly conserved portions of
PBC-A and -B are equally plausible candidates for direct in-
teraction with repressor complexes.

CBP modifies HOXD4 function and transduces PKA stim-
ulation of HOX-PBX promoters. We have shown that the pro-
line-rich activation domain of HOXD4 physically interacts
with the HAT-C/H3 domain of the CBP coactivator. Interest-
ingly, the interaction between HOXD4 and CBP seems to be
conserved through evolution, since Deformed, the Drosophila
orthologue of Hoxd4, has been shown genetically to interact
with Nejire, encoding a transcriptional adapter belonging to the
CBP/p300 family (22). A previous study has shown physical
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interaction between CBP and the N terminus of HOXB7 (14).
Using truncated versions of each protein in vitro and in trans-
fections, their sites of interaction were mapped to the HOXB7
N terminus and two regions in CBP, including the C/H3 do-
main and the extreme C terminus. Together with another study
showing interaction between the N terminus of the HOX-like
protein PDX and the CBP C/H3 domain (4), these findings
suggest a common mechanism used by homeoproteins to acti-
vate transcription.

To date, four Hox genes, namely Hoxb1, Hoxa4, Hoxb4, and
Hoxd4, have been shown to contain RAREs and AREs in their
flanking regions (26, 30, 39, 51, 56, 63, 69, 70, 83, 92). The
HOX interaction region in CBP centering on the C/H3 domain
is different from the nuclear receptor interaction region (RID)
(10, 31). This suggests that one CBP molecule could simulta-
neously bind both retinoid receptor and HOX family members.
This may result in synergistic recruitment of CBP to Hox gene
promoters, thereby integrating the activities of retinoid recep-
tors and HOX proteins.

Interactions between HOX and CBP can explain some of
the phenotypes resulting from Cbp loss-of-function mutations.
In humans, the Rubinstein-Taybi syndrome is caused by point
mutations in the Cbp gene and is characterized by craniofacial
deformations, broad thumbs, broad big toes, severe mental
retardation, and increased tumor incidence (65). In the mouse,
targeted disruptions of Cbp and p300 have revealed the impor-
tance of these cofactors in embryonic development (90). In
Drosophila, mutations in Cbp cause embryonic lethality as well
as pattern defects (1). Some of these defects are reminiscent of
those caused by mutations in Hox genes (38) and can be partly
explained by the finding that CBP modifies HOX transcrip-
tional activities.

Genetic and molecular studies in Drosophila have led to a
model whereby the N-terminal activation domain of HOX
proteins is masked due to direct or indirect contact with the
HOX homeodomain (42, 43). The model further suggests that
this inhibition is relieved upon a conformational change pro-
voked by cooperative DNA binding of HOX with PBX. In this
model, DNA-bound HOX monomers are repressors, while
HOX-EXD (or HOX-PBX) heterodimers are activators. Our
data are consistent with aspects of this model. First, TSA is
able to activate a promoter driven by HOX-PBX dimer binding
sites but not one driven by HOX monomer binding sites. Sec-
ond, mutations in the HOX YPWM motif that abrogate inter-
action with PBX also abolish the TSA response, even on HOX-
PBX cooperative binding sites. Both of these observations
would be expected if PBX is required to unmask the HOX
activation domain, thereby permitting interaction with CBP.
However, the very fact that the HOX-PBX complex is respon-
sive to TSA suggests a repressor function mediated by inter-
action with HDACs, consistent with data reported here and
elsewhere that PBX functions as a repressor and binds core-
pressors (4, 45).

In addition, we did not observe transcriptional repression by
HOX monomers under our conditions. HOX monomer bind-
ing sites do not repress basal transcription [Fig. 2, compare
pML to pML(5xHOX)], and HOX mutants that are incapable
of interacting with PBX partners do not behave as transcrip-
tional repressors (Fig. 2) (72). Rather, our data suggest that
the HOX-PBX complex can act as both a transcriptional re-
pressor and activator, depending on the cellular context (Fig.
7). We argue that this context can be influenced by cell-cell
signaling, since aggregation is required to activate the Hoxb1
ARE in RA-treated P19 cells. Monolayers of P19 cells can be
induced down the neural pathway by combined treatment with
forskolin, an activator of PKA signaling, and a factor secreted

by cells resembling primitive streak mesoderm (71). This is
consistent with a role for PKA in the activation of the Hoxb1
ARE. We also note that aggregation of P19 cells has been
proposed to influence the activity of the MYOD muscle-spe-
cific transcription factor through effects on chromatin (3).

Our finding that CBP-HOX activation of downstream tar-
gets is significantly enhanced by PKA suggests a mechanism for
conversion of HOX-PBX complexes from transcriptional re-
pressors to activators. PKA was previously shown to be impor-
tant for the transactivation of bovine CYP17 by PBX, as well as
the oncoprotein E2A-PBX, via a cAMP response sequence
(CRS) (61). The CRS in the promoter of CYP17 is very closely
linked to a PBX response sequence that should accommodate
cooperative binding by HOX-PBX in vitro. This suggests that
the CRS response to PKA could be mediated by a HOX
partner via CBP.

CBP contains a defined PKA phosphorylation site at serine
1772 shown to be important for mediating PKA-stimulated
activation by the homeoprotein PIT1 (85). Our results likewise
suggest that CBP phosphorylation by PKA is the signal trans-
duction step required for HOXD4 to activate transcription in
response to increased intracellular cAMP. We demonstrated
increased association of the HOXD4 activation domain with
CBP upon increased PKA signaling (Fig. 5A). How is this
achieved? The levels of CBP are greatly increased in 293 cells
expressing the catalytic subunit of PKA (unpublished observa-
tions). This increase may be sufficient to account for the

FIG. 7. A model for activation and repression by HOX-PBX complexes. The
N-terminal activation and repression domains of HOX and PBX proteins are
believed to make intramolecular contact with their respective homeodomains (8,
42, 43, 59, 74). Heterodimerization on cooperative sites on DNA, and perhaps
additional interactions with members of the MEIS/PREP family, exposes HOX
and PBX N termini, thereby freeing them for interaction with coactivators and
corepressors such as CBP and HDAC1 and -3. Under some cellular contexts, the
net activity of bound corepressors exceeds that of the activators (bottom, “net
repressor function”). However, in response to enhanced PKA signaling or P19
cell aggregation, increased coactivator and/or decreased corepressor function
shifts the balance toward net activation (top). This could be accomplished by an
increase in the amount of coactivator or by increased affinity for the HOX N
terminus. In parallel, decreases in the amount or affinity of corepressor for PBX
could contribute to the switch. Treatment with TSA would exert the same overall
effect by inhibiting bound HDACs. The model is simplified and does not exclude
other possible interactions. The black vertical arrows denote increases or de-
creases in HAT or HDAC activity. AD, HOX activation domain; RD, PBX
repression domain C; black box, homeodomain; small white circle, HOX YPWM
motif.
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greater association between HOXD4 and CBP upon PKA
stimulation.

A role for PKA in HOX function in the embryo has not been
clearly demonstrated. However, patterning by the hedgehog
signaling pathway in flies and mice involves antagonizing the
PKA pathway (19, 60). Our results suggest that PKA may also
impinge on patterning mediated by the HOX family. Hox
genes are known to determine the morphogenetic outcome of
cell signaling in fly imaginal discs (64). In C. elegans, genetic
studies have shown that a HOX protein determines the devel-
opmental consequences of RAS signaling (48). On theoretical
grounds, HOX proteins were predicted to interpret cell signal-
ing events in vertebrates as well (17). Our results support this
suggestion.

In summary, we have demonstrated that HOX-PBX can
function as an activator or a repressor through differential
interactions with coregulators. Moreover, we have shown that
PKA serves as a signaling switch that converts HOX-PBX from
repressor to activator, implying that cell signaling is an impor-
tant determinant of HOX-PBX function in the patterning of
the animal embryo.
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P. Dollé. 1997. Meis2, a novel mouse Pbx-related homeobox gene induced by
retinoic acid during differentiation of P19 embryonal carcinoma cells. Dev.
Dynam. 210:173–183.

63. Packer, A. I., D. A. Crotty, V. A. Elwell, and D. J. Wolgemuth. 1998. Expres-
sion of the murine Hoxa4 gene requires both autoregulation and a conserved
retinoic acid response element. Development 125:1991–1998.

64. Percival-Smith, A., J. Weber, E. Gilfoyle, and P. Wilson. 1997. Genetic
characterization of the role of the two HOX proteins, Proboscipedia and Sex
Combs Reduced, in determination of adult antennal, tarsal, maxillary palp
and proboscis identities in Drosophila melanogaster. Development 124:5049–
5062.

65. Petrij, F., R. H. Giles, H. G. Dauwerse, J. J. Saris, R. C. Hennekam, M.
Masuno, N. Tommerup, G. J. van Ommen, R. H. Goodman, D. J. Peters, et
al. 1995. Rubinstein-Taybi syndrome caused by mutations in the transcrip-

tional co-activator CPB. Nature 376:348–351.
66. Phelan, M., and M. Featherstone. 1997. Distinct HOX N-terminal arm

residues are responsible for specificity of DNA recognition by HOX mono-
mers and HOX-PBX heterodimers. J. Biol. Chem. 272:8635–8643.

67. Phelan, M. L., I. Rambaldi, and M. S. Featherstone. 1995. Cooperative
interactions between HOX and PBX proteins mediated by a conserved
peptide motif. Mol. Cell. Biol. 15:3989–3997.
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